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ABSTRACT 
The design of tape transports involves many areas of 
engineering. In order to obtain a design which provides 
optimum performance and survives the required environ­
mental testing a careful design analysis must be made of 
cri t ical  areas such as velocity analysis, bearing preloading 
designs, stress analysis, rotational rates of bearing balls 
and races, tape cartridge designs, and system inertia and 
resonant characteristics. For  designs where total life is 
an important criterion, it is seen that a compromise must 
be met between cartridge size and tape pack thickness be­
cause of the wear factor on tape. System resonant fre­
quencies are analyzed and flutter and wow, power, and 
amplitude fluctuation measurements are performed and 
analyzed. 
Disciplined design and testing approaches are advo­
cated to ensure a reliable piece of equipment which will not 
be the cause of failure of any experiment o r  system. 
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TECHNIQUES FOR THE DESIGN, EVALUATION, 
AND ANALYSIS OF ENDLESS-LOOP TAPE TRANSPORTS 
FOR SATELLITE APPLICATIONS* 
by 

Kenneth W. Stark 

Goddard Space Flight Center 
INTRODUCTION 
Tape recorders a r e  an essential par t  of any spacecraft instrumentation when data gathered by 
sensors must be stored until an orbit position has been reached where the spacecraft can be con­
veniently interrogated. Endless-loop tape recorders  offer advantages over the two-reel systems 
primarily because multiple interrogations can be made without exceeding the required playback 
time to a ground station, tape-reversing mechanisms a r e  not necessary, end-of-tape sensing de­
vices are not required, momentum compensation is relatively simple, the single reel  provides 
compact storage, and the tape velocity is in the same direction for both record and playback modes, 
minimizing e r r o r s  due to tape skew and alignment. 
The advent of interplanetary capsules and large satellites where considerable data must be 
stored necessitates large-capacity endless-loop tape recorders,  in some cases recorders  with 
capacities of 1200 or  more feet  of tape. In addition to size cri teria,  a rigid se t  of design specifi­
cations must be employed to assure  a recorder with long life and reliability is obtained. Some of 
the main recorder components and their  effects in related a reas  a r e  analyzed in the present paper. 
DESIGN CRITERIA 
The performance requirements upon which the designs of endless-loop tape transports utiliz­
ing 1/2 inch wide tape containing 825 and 1200 feet lengths for use in endless-loop tape transports 
were based a re  as follows: 
1. Flutter and wow: 0.8 percent peak-to-peak from 0 to 1000 cps. 
2. Signal to noise ratio: 36 db. 
3. Amplitude modulation: 4 to 8 percent peak-to-peak. 
4. Mechanical power requirement: l ess  than 2 watts at 0°C. 
~ 
*This report was prepared previously as a thesis submitted to the Faculty of the School of Engineering and Architecture of The Catholic 
University of America in partial fulfillment of the requirements for the degree of Master of Aero-Space Engineering. 
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The recorder must meet the above specifications both before and after it is subjected to the follow­
ing environmental tests: 
1. Temperature tests at extremes of -5" and 55°C. 
2. Vibration tests: 
a. Sinusoidal: 10 g (limit to  1/4-inch single amplitude), 5 to 2000 cps, 18-minute duration. 
b. Random: 20 g RMS, 20 to  2000 cps, 0.2 g2/cps spectral  density, 4-minute duration. 
The basic endless-loop recorder  consists of the following major components: 
1. Tape reel .  
2. Cover plate rollers.  
3 .  Intermediate pulley or momentum flywheels. 
4. Drive motor. 
5. Pressure rollers.  
6. Capstans. 
7. Magnetic heads. 
8. Endless-loop tape pack. 
9. Tape support rollers.  
In some cases, the same design principles and analyses apply to more than one of these compon­
ents; the more difficult case is described herein when it can be applied to the less  complex one as 
well. The capstans, the tape, the bearings, the system resonance characteristics, and the system 
inertial characteristics are covered in the present paper. 
ANALYSIS OF RECORDER COMPONENTS AND SYSTEM CHARACTERISTICS 
Capstans 
As satellites become more sophisticated they incorporate numerous experiments involving the 
measurement of various parameters  during the orbit. A recorder must be able to s tore  this satel­
li te information and to reproduce it without distortion when so required by a ground station. The 
capstans a r e  among the most serious offenders of the many mechanical components which can 
cause distortion. Any variation in capstan circumferential speeds will change the velocity of the 
magnetic tape and introduce signal distortion commonly referred to as flutter and wow. Velocity 
differences caused by the capstan assembly can be attributed to radius runouts on the capstan 
shaft or on its associated pulleys, improper preloading methods, or damaged bearings. 
Normally, when a flutter problem ar ises ,  a spectral  analysis of the playback signal is made 
through a discriminator from which the periodic components a r e  obtained. A velocity analysis 
2 
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must be made to determine which mechanical components are responsible. In order to  derive an 
equation which relates the various components which can affect the velocity of the tape and is based 
upon the usual condition of driving a capstan through one belt pass from a motor, one must have a 
fairly accurate knowledge of what contours the various diameters follow, e.g., whether they are 
elliptical, multiple nodes, o r  cam shaped. The equation can be expanded to cover the case where 
there is more than one reduction. 
As a practical example, assume two cir­
cular machined diameters with an offset center 
and 
v, = rcP"c Figure 1-Circular machined diameters with an 
offset center of rotation.
therefore, 
V b- - = - .  'MP %P w ­
rcP rcP 
But 
vc = r c w c  
Substituting for uc ,  
'c 'MP ~ %P 
"c = rcP 
Equation 1 expresses the tape velocity at the capstan Vc in t e rms  of the radii and rotational 
rates.  Now for  the case where 
rc  = 0 .  250 i n .  , 
rcp = 1.00 i n .  , 
and 
rMP = 0.16 i n .  , 
( 0 . 2 5 0 )  (0.16)(835) 
33.4 ips . vc = 1 .00  
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However, i f  each pulley had a total indicated runout of 50X10-6 inches and all these tolerances 
coincided, the total percentage velocity change of the tape across  the heads would be as follows: 
= (0.000562)lOO = 0.056percent peak-to-peak . 
This value of velocity deviation is usually well below that required as a specification. The 
flutter will have periodic components at 133 cps (motor) and 2 1  cps (capstan); the peak flutter will 
oscillate at 6.33 cps (beat frequency). 
For more complicated radius contours (e.g., elliptical), the proper contour equation must be 
obtained and, from it, v, must be obtained using the new radii expressions. 
The velocity analysis of the ball bearing effects on tape velocity wil l  be covered in another 
section; however, a direct  factor which influences ball bearing performance will  be discussed here. 
The assembly that contains the capstan also contains the ball bearings which support the capstan 
Utilizing the duplex system of bearing preloading it is necessary to use end caps which contain the 
bearings in the capstan housing assembly. Proper design for the preloading technique must allow 
a few thousandths of an inch protrusion of the bearing race on each side of the housing to maintain 
the races  under compression when mounted. It is essential, however, that the races  are not so 
excessively compressed that distortion will result  in the raceway and cause failure either in the 
raceway, balls, o r  both. (It is also important to note that the raceway thickness of a typical ball 
bearing ior +his  use is approximately 0.023 inch.) Because of this important consideration, it w a s  
necessary to derive an equation which took into consideration the various physical parameters 
involved. In the derivation, one-half of the preloaded assembly is used and the other half is treated 
as the mir ror  image. The symbols used a r e  defined in Appendix A and a schematic of the typical 
cross-sectional view of an end cap retaining the outer race of the ball bearing is shown in Figure 2. 
The following equations a r e  obtained (Ref-
BEARING erence 1): 
STICKOUT I /OUTER RACE PRELOAD CAP 
SE = - =  

E
OP BEARING OUTER RACE 
EARING OUTER RACE SPACER 
or 
EOL = SL(for spacers and races) : 
substituting, 
Figure 2-Schematic representation of typical 
cross section of an end cap. E,&, = S , L ,  
4 
and 
PAs : -( fo r  spacers and races) , 
P L  A, SI  E A'S,  , 
3P(m2 - 1) 
a 2  - b2  - 2 m b 2  (a' - b2)  - Sm a' b 2  In 
A L 3 m a ~  E 4rrm2E3L: I a' (m - 1) + b2 ( m  + 1) 
I the& I 
-
2m b 2  - 2b' (m t 1) In 
~~ 
S3max -
L 
a' (m - 1) t b' (m 4 1) 
2m b' - 2b' (m i 1) 11: 
Let Y -
a' ( m  - 1) - b Z( m  + 1) 
I then 
I We now have seven unknowns (AI,,,S ,  , b L Q ,  s,, &, , P ,  and S, ) and seven equations which can 
be solved. Solving for AL,, 
AL, = 
I 
I 
I 
Z Z 477 m 2  E, L3, 
Equation 2 will  be used as an illustrative example by analyzing an existing condition. Values will  
also be found for P, S I ,  S,, S , ,  A L ~ ,  and AL,. 
Using the mirror-image concept, the amount of bearing outer race stickout on the 1200- and 
825-foot recorder capstan assembly is 0.002 inch on one side. The values of the constants are 
L, 0.1562 in. , 
L, = 0.346 in.  , 
and 
A, 0.0314 in? 
Using Equation 2 and substituting the given values for  the constants result  in 
AL, 0.0017 i n .  
6 
A 
477 m 2  E, L: 
P = 540 lb .  
Then values for S,and S, a r e  obtained: 
= 17,200 p s i .
s2 = A 2  
and by substituting the appropriate values is found to be 
S, = 53,000 psi 
The deflections of the bearing outer race and spacer are obtained a s  follows: 
&, 0.0000893 i n .  , 
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and, as found previously, 
AL3 0.0017 i n .  
earings 
A s  previously mentioned, it is important that bearings, when supporting a load, be preloaded 
(Reference 2); that is, the bearings must be confined so that under no anticipated loading of the 
bearing assembly will  a permanent deformation in the balls o r  raceway result. In the instrumen­
tation field, as applied to space satellites, the anticipated loading is caused by temperature dif­
ferences and random and sinusoidal vibration testing. Sinusoidal vibrations a r e  usually the more 
critical of the tes t  requirements because at resonant frequencies high amplification factors a r e  
observed which result in very high loads on the bearings. 
Some factors other than improper preloading which can lead to bearing failure a r e  lubricant 
failure, impurities mixed with the lubricant, lack of enough lubricant, excessive bearing speeds, 
improper bearing alignment, and improper bearing fits. These will not be discussed in this report 
as each is an extensive subject in itself. 
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Figure 3-Ball bearing load-deflection curves; the two 
curves far each radial play (RP) value represent range of 
axial deflection as determined by manufacturing tol­
erance of raceway curvature. 
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There a r e  essentially two methods of ob­
taining preloads on bearings; one is preloading 
by fixed distances, normally referred to as du­
plexing, and the other is prekoading by loading, 
which is normally done with springs. In the case 
of the tape recorder,  where precision runouts 
and alignment a r e  required, the method normally 
used is that of duplexing. With this technique 
is applied to the bearing by machining 
a given amount off the face of either the inner or 
outer races.  The amount machined off is de­
termined from a load deflection curve of the 
bearing in question. Typical curves for the R2-6 
bearing are shown in Figure 3. The reason for 
this type of preloading is that under no antici­
pated external loading will  the bearing become 
unpreloaded; i f  it became unpreloaded there 
would be bouncing of the balls on the raceway 
resulting in high impact s t resses  and ultimate 
failure due to brinelling of the balls or raceways. 
A sample calculation utilizing the R2-6 
bearing and its load deflection curve will  i l lus­
t ra te  how the preload is determined. Let us use 
two R2-6 bearings with 0.0007-inch radial play 
- -  
(Figure 4); the weight of the assembly times 20 g is 5.75 
pounds. 
F i r s t  trial: 
Deflection of each bearing 6, under preload P = 2 l b  
Bearinga: 8, = 21 X l o - ’  in.; 
Bearing b: S, = 21 X in. 
Deflection of one bearing with P + W = 7.75 lb: 
Bearinga: 6, = 4 4 X  lo-’  in. 
Therefore bearing b is moved back by (44-21)X in. 
= 23x lo- ’  in. and becomes unpreloaded by 2 x 
in. 
This value of P is not sufficient; therefore P must be increased. 
Second trial: 
Deflection of each bearing under P = 2.5 lb: 
Bearing a:  6, = 24 X in.; 
Bearing b: 8, = 24 X in. 
Deflection of one bearing with P + W = 8.25 lb: 
Bearing a: 6, = 46 X in. 
BEARING b 
BEARING a 
P W=5.75 Ib 
Figure 4-Preloaded R2-6 bearings. 
Figure 5-Preloaded Bellvi l le 
spring washer. 
Therefore bearing b is moved back by 22 x l o - ’  in. and is still preloaded by 2 X l o - ’  in. 
This value of P is sufficient. 
In the case where precision runouts and alignment a r e  not of prime importance spring pre­
loading can be utilized. The advantage of this technique is that precision grinding of the races  and 
the accurately bored holes required in duplexing a r e  not necessary; the disadvantage is that, in the 
case of sinusoidal vibrations, a resonance may be excited in the spring mass system and may 
cause brinelling of the bearing. The preloading can be applied using Bellville spring washers or  
ordinary coil springs (Figure 5). 
A sample calculation will illustrate the method of determining a Bellville spring washer pre­
load for  the hysteresis synchronous motor used in the tape recorder.  Here (see Appendix A for  
definitions of symbols): 
1 
m - o , 3  = 3 . 3  , 
E = 17 x 106ps i  , 
9 
- -  
I l l 
Weight of motor armature = 1 oz. , 
a w  = 0.3 in .  , 
b, = 0.14 in .  , 
Number of g ' s  = 20 , 
and 
Resonant frequency desired = 1000 cps . 
Find spring constant k, washer thickness tw, and thrust  and radial bearing loads T and R: 
and 
k 0.0638 x lo5 = 6380 lb/in.  
Next we must determine the washer thickness under 20 g's: 
a W  
(m2 - I) 2m b$ (a: - b t )  - 8 m  a," b,,? In ?;- + 4a: b,,? (m + 1)3 ~ ,  W 
~ ~~ 
'MAX = 4nm2Et: a,' (m - 1 )  +b:(m + 1)  
Substituting the appropriate values we obtain 
3pw(m2- 1) 
'MAX = 4nm2 E t," (0.0405) , 
but 
YMAX 1 1 
p, - k - 6380 - 0.000157 in . / lb .  
10 

Using this value for Y,/P, and solving for the washer thickness, 
t W  = 0.0149 in. 
To get a 1-pound load on the bearings for this value of tw, the washer would have to  be de­
flected l/k o r  0.000157 inch. If the spring went into resonance and obtained a Q of 10 at 20 g's the 
resultant linear displacement would be (at 1000 cps): 
0.0035 inch - double amplitude 
or  
0.00175 inch - single amplitude . 
Therefore, to keep the spring from unloading, the spring would have to have an initial deflection of 
0.00175 inch. This results in 
0.00175 in.­
0.000157 in./lb O r  a ''.'l b  load 
on the bearing which results in about 0.001 inch deflection on an R3 bearing. 
An R-3 bearing has a contact angle of about 14". Therefore, the radial load on the bearing for 
this angle is 
If, as mentioned in the section on capstans, there is a flutter and wow problem in the tape re­
corder and analysis doesn't show it to be any particular pulley, shaft, o r  rotating component defect, 
then the ball bearings must be analyzed. Aderivation of the 
frequency of a point on a ball with respect to the races  of the 
ball bearing with outer race fixed (Figure 6) follows. Here 
e 
wB = Frequency of point C on ball = T , 
a 
w,,, Ball frequency about axis of bearing = i , 
w ,  = Inner race frequency , 
Figure 6-Schematic diagram showing ball 
d, = Ball diameter , bearings and inner and outer races. 
11 
V = r i  wi , 
" - -r i  wi - _  = 
VIn = 2 2 'mum 3 
and 
Now 
and 
resulting in 
Substituting for wm we obtain 
and 
Equation 3 is multiplied by two because the ball touches the inner race also. 
12 
A derivation of the case with i n ~ e race fixed follows. The same figure and symbols used for 
the preceding example hold except 
ro = Radius of outer race 
wo = Outer race frequency . 
Here 
and 
resulting in 
Substituting for (L" results in 
and 
where the factor 2 accounts for the ball hitting the inner race also. 
Tape 
A three-year study of the recorder design using a 1200-foot endless-loop tape has revealed 
more problems with tape reliability than with any other par t  of the system. Some typical problems 
are:  
13 

I 
(a) Tape cartridge. 
(b) Tape reel. 
b 
(c) Tape pock. 
Figure 7-Configuration of 
tape cartridge, tape reel, 
and tape pack. 
and 
1. 	Excessive wear on both the lubricated and oxide coated sides of 
the tape so that the required operational lifetime of the recorder 
is seriously jeopardized. 
2. 	 Excessive shrinkage of the tape at the required test temperature 
of 60°C, causing the endless loop to become tight and to  jam. 
3. 	Variations in magnetic properties between tape samples causing 
problems in electronic circuit  design for the record and play­
back amplifiers. 
4. 	Variations in oxide wear between samples causing an unpre­
dictable decay rate of tape performance. 
5. 	 Variations in coefficient of friction of the tape surfaces sufficient 
to  cause variations in internal power dissipation of the tape back. 
Although these problems have been brought to the attention of indus­
try,  not much progress has been made in solving them because of their 
complexity. In the meantime it has been necessary to optimize the car­
tridge design and the s ize  of the endless loop tape pack so that we can 
use the tape presently available. To this end certain equations which 
correlate various physical parameters of the tape such as ree l  diameter 
dl ,  pack thickness t p ,  tape layer width N, tape length L, tape thickness 
t,, and mean tape pack diameter dmwere derived and are given below 
for a cartridge of the basic configuration shown in Figure 7 (see Ap­
pendix B for the operational discussion): 
t P
L = ndm t, 
With these three equations a tape cartridge size can be obtained for  any given tape require­
ments; the cartridge reel  size will vary for different tape lengths. Normally, a tape pack 
thickness of about 0.8 inch has been found satisfactory for  our use. The following example 
shows the application of the three equations to the 825-foot cartridge; the design values are 
14 
tp = 0 . 7  in. , 
L = 825 feet or 9900 in. , 
t, = 0.0012 in.  for hlT 22049 tape , 
and 
N = 0 . 5  in.  
Substituting, 
t ~ L- 0.0012(9900) -
dm = - - 3.14(0 .7)  - 5.40 in. ,T t P  
d ,  = dm - tp  = 4.70  in. , 
and 
A , , , ~  = 2rrN ("7 - dm) = 3.14(3150- 5 .40)  = 9900 sq in.  ; 
for the 1200-foot cartridge 
A,, , ,~  = 3.14(4580-7 .9)  = 15,380 sq in.  
A s  can be seen, the tape contact a r ea  is reduced significantly by reducing tape length. 
Recently we have been conducting experiments with compact versions of the large l/2-inch by 
1200-foot recorders  used in the Nimbus Satellite sensory ring module to determine the effect of 
increased pack thickness on tape wear, life, and general performance characteristics. It can be 
seen that as reel  diameter d ,  is reduced tape pack thickness t, is increased for a given length of 
tape; this could affect overall tape life (mechanical and electrical), energy dissipation, performance 
characteristics, and overall power. A derivation of the kinetic energy necessary to move the tape 
pack shows that this energy does not depend upon pack thickness but rather on the tape length and 
linear tape velocity. The kinetic energy can be calculated as shown below, (for convenience 
of calculation, it is assumed that the pack consists of a series of concentric. c i rc les  (Fig­
ure  7(c)): 
Substituting 
15 

Now 
1

dT, 2 d I w :  , 

where w," = V,Z/R,". Substituting, 
and 
Let  
then, for a given tape size,  
The next step is to determine i f  the contact a r ea  between layers  of tape increases appreciably 
as the pack thickness increases for a given length of tape; an appreciable increase would possibly 
increase the power required to drive the cartridge and significantly increase the tape wear, thereby 
seriously reducing the total life of the tape. 
Combining Equations (6) and (7) we get 
A 2 N ( L - d m )  . (9) 
Equation (9) shows that for a long tape (e.g., 1200 feet long) the total surface area,  for a constant 
tape length, will not vary significantly as the mean pack diameter becomes smaller.  (It should be 
noted here that the maximum reasonable mean pack diameter is about 8 inches and the minimum is 
16 
5 
about 3 inches.) As a result, the power and wear associated with this increased contact area,  for con­
stant values of L, will not add considerably to that due to the larger interlayer (&") (see AppendixC). 
The study of entrance and exit tensions (Reference 10)caused by an increase in pack thickness 
might be more significant. Figures 8 and 9 and Table 1 show how those tensions vary for  different tape 
speeds and temperatures. The power Pp required to drive the tape pack is a function of the exit and 
entrance tensions T, and T, and the tape speed V,: 
P, = 7.08 ~ o - ~ F ' v ,  
8C 	 whereF' is  the difference between T, and T, in 
ounces and P, is measured in watts. 
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Figure 8 - b / L T  against tension for 1200­
foot-long tape a t  a tape speed of 0.4 inch 
per second. Run 1-1; temperature, 78°F; Figure 9-Tape 
TAPE SPEED ( i n . / s e c )  
Run 14-5; temperature, 121°F; 
relative humidity, 47 percent. 
~­
0 
I I 1 I 1 
IO 15 20 25 30 
TAPE SPEED ( i n . / s e c )  
Run 2-5; temperature, 75OF; 
relative humidity, 58 percent. 
speed against tape tension for 1200­
relative humidity, 60 percent. Lo, normal foot-long tape with 1.33-foot-long normal operating 
operating loop length; L, total tape length. loop. 
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System Resonance Characteristics 
A tape recorder drive system consists of 
inertial masses  (e.g., flywheel, pulleys, cap­
stans, bearings, and tape) and connecting links 
that have spring constants and damping coeffi­
cients (e.g., polyester film belts (Reference 3), 
magnetic tape, oil, and motors). In any one re­
corder design, these combinations form a tor­
sional spring, damping, and inertial mass  sys­
tem (Reference 4 )  with a number of natural 
frequencies associated with it. It is important 
to know what these frequencies are for the fol­
lowing two reasons: 
1. 	There must not be a natural frequency 
of any system close to any impressed 
frequency in the recorder  (e.g., in the 
motor, pulleys, or bearings) which will 
be able to excite the natural frequencies 
into resonance and so produce excessive 
signal distortion in the information re ­
corded on the tape. 
2. 	If during testing of the recorder a peri­
odic flutter component is found which 
exceeds the required specifications and 
no rotating mechanical component can 
be found to  be contributing to  it, then the 
natural frequencies of the system must 
be investigated. 
The technique which is used to determine 
the system natural frequencies by assuming a 
Table 1 
Exit and Takeup Tension Levels for  Normal 
Operating Loop Length (Station 0) for 
1200-Foot Roller-Type Cartridge. 
Run 1 
(78°F 
1200') 
Run 3 
(121°F 
1200') 
Run 7 
(78°F 
750') 
Run 8 
(42°F 
750') 
Run 9 
(121°F 
750') 
Run 10 
(78°F 
500') 
Run 12 
(121°F 
500') 
Exit 
tension 
0.4 25.5 
3.75 18 
12 18.5 
30 18.5 
0.4 19.5 
3.75 17 
12 27 
30 9 
0.4 16.5 
3.75 15 
12 15 
30 14 
30 35 
0.4 35 
3.75 40 
12 35 
30 20 
0.4 22.5 
3.75 25 
12 27 
30 37 
0.4 29 
3.75 27.5 
12 22.5 
30 25 
Takeup 
tension 
T2 
(gm) 
11 14.5 
10 8 
6.5 12 
5.0 13.5 
5.0 14.5 
9.0 8 
7.0 20 
3.5 5.5' 
7.0 9.5 
6.0 9 
4.5 10.5 
4.0 10 
15 20 
16 19 
16.5 23.5 
18 17 
11 9 
11 11.5 
10.5 14.5 
9 18 
8 26 
15 14 
12 15.5 
10 12.5 
9 16 
system consisting of a motor and two belt passes  will be illustrated (Figure 10). For simplifica­
tion, items such as the frictional drag of G a l l  bearings, the damping factor of the oil in the bearings, 
and feedback tension pulsations from the tape pack will be omitted. The derivation will be based 
upon what happens when instantaneous stoppage of I, causes the two belts to stretch and then 
analyzing the equations of motion when I ,  is released again. 
For  pulley 0 (Figure l O ( b ) ) ,  
- I ,  8, + T ( t )  + k, 8,  r o  + C M 6 ,  r o  - k ,  (r, 6, - R, 6,) ro  - C, (r, 6, - R ,  6 , )  ro  = 0 
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( a )  Complete system. ( b )  Notation for pulley 0 .  
( c )  Notation for pulley 1. ( d )  Notation for pulley 2. 
Figure IO-System of a motor and two belt passes. 
reduces to 
Io + (c1 r l - c ,  ro) ho - c, R ,  r o  8, + (k, r,'-k, ro) 8, - k, R, ro  8, = ~ ( t ) ,  
resulting in 
e, + M , B ,  + ~ , h ,+ M,eo + M,e, = M, 
where 
M ,  -
c,  R l  = o  
I O  

k, r,' - k, r o  
M, = 
I O  
and 
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For pulley 1 (Figure lO(c)), 
- I ,  8, + k ,  ( ro  8, - R, 8,)R, + C, ( ro  bo - Rl 6 , )  R, - k, ( r l  8,- R, 8,) r l  - C, ( r l  6 1  - R 2  4,) r l  = 0 
reduces to 
..I ,8 ,  + (C,R:+C2r : )b1  - C , R , r , b ,  + ( k , R : + k , r : ) e ,  - k , R , r , 8 ,  - C , r 0 R , 8 ,  - k , r o R , 8 ,  = 0 ,  
resulting in 
where 
c, R: + C, r: 
M 6  = I, 
and 
For pulley 2 (Figure 10(d)), 
- 1 2 g z  + k ,  ( r l 8 , - R 2 8 , ) R ,  + C, ( r l ~ 1 - R 2 ~ z ) R 2  0= 
reduces to 
.. 
I ,8,  + C , R 2 8 ,  - C 2 r l R , 6 ,  + k,R;8 ,  - k , r l R z 8 ,  = 0 , 
20 
resulting in 
3, + MI,  6 ,  + M,, S l  + M,, e ,  + M,, e ,  = o 
where 
and 
It should be noted here  that, in order  to  solve these equations, it is necessary to  know C,, k,, 
C , ,  C,,  k , ,  k , ,  and ~ ( t ) .Also, in reality, the factors that are neglected for this example must be 
known in order to get a valid answer. Many of these factors either are not known or  a r e  peculiar 
to the particular recorder  used which means that much preliminary testing and research is neces­
sary  to determine needed coefficients. 
The following example applies these equations to obtain the natural frequency of a single belt 
system utilizing I,  and I ,  of the first belt pass. This example is based upon the motor and pully 
delivering a constant torque to the system. The motor is assumed as the base (Le., e ,  rotates with 
the motor and its pulley). 
..
Therefore, 8, = Bo = 8, = 0 and also, for this example, C ,  is assumed to equal 0. 
To solve for  the natural frequency of I , ,  Equation (12) is used. However, from the previous 
assumptions 
8, = h0 = 0 ,  
and 
M, M, = M, = M,,  = 0 I 
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resulting in 
SI  + M , 8 ,  = 0 (14) 
where 
and 
k, = 27 lb / in .  , 

R, = 1.00 i n .  , 

I, = 1.12 x l b  in .  sec2 

Equation (14) is a homogeneous second order  differential equation; substituting a solution of 
the form 
e ,  = K e d t  , 
8, = K+e6t , 
and 
into Equation (14), 
K + ~  + M, K& = o 
or 
(c#J'+M,) K e d t  = 0 . 
Here 
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o r  
where are the damping rates of a r m s  K l , 2  and w , , ~are the rotating frequencies of K l , 2  , re­
sulting in 
Since there is no damping in this example, A,,  = 0, resulting in 
i w  = im
1. 2 
or  
w 1 . 2  = 6 
where 
and 
1 ­
f ,  = T;; 424.1~104 = 78.7 CPS . 
System Inertial Characteristics 
In the initial design of a recorder system it is often very important to determine the starting 
torque required to  accelerate the system up to speed in a given time. This torque determines the 
instantaneous power required and so enables proper circuit designs to be made. 
An example of how reflected inertias a r e  determined for a pulley system follows. A diagram 
of the pulley system is given in Figure lO(a). The inertia will be reflected back to the driving 
motor. Let 
where T~ is the total reflected torque at pulley 0 and TO( , 711 ,and 7; a r e  the torques of the respec­
tive pulleys as seen at pulley 0. The inertial  torques of the respective pulleys a r e  r 0 ,  T , ,  and r 2  
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where 
and 
I, B"0 
F, = - .  
r o  ' 
7, = I , B ,  = F , R ,  
and 
but 
F, = F, ; 
and 
I ,  ii, r o  
7,' = F, r, = ~. 
R l  ' 
r 2  = I ~ Z ~= F,R, 
and 
but 
F, = F, 
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Therefore, the torque of pulley 2 as seen at pulley 1 is 
I, 6, r l  
- m, , 
where F is the force seen on pulley 1at radius R, due to the reflected torque from pulley 2. 
and 
T ,
, -- Fro  = 
I, 8, r l  
-R , R l  r o  
Therefore, since 
Now 
v, v ,  1 
ro (Jo  R 1 O l  , 
r o  ;,To = R ,  ijl , 
and 
v 1  = v, 1 
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- -  
R 2  
r l i l  = R , B ,  , 
r l S 1  = R ~ S ~. 
Therefore, 
and 
r l  E i ,  r l  r o g 0
-~ 
* 2 = - =R2 r 1  K O ) - R2 R l  
Substituting these values into Equation 15 we get 
which becomes 
+ I, (s)+ 1 ,  (z)2 2 * 
I, = I o  
This method of analysis can be used for  systems with any number of degrees of freedom. 
ANALYSIS OF DESIGN TECHNIQUES 
Flutter and Wow 
In a tape transport, one of the most useful and efficient ways of proving the design and de­
termining its performance is by measuring the flutter and wow (References 5 and 6).  
Basically, the function of a tape recorder is to record data f rom a given source (e.g., experi­
ments and various sensing transducers) and to s tore  it until it is commanded by a ground station to 
play it back. When this information is received at the ground station i t  should be exactly as it was 
when recorded from the original source, but, unfortunately, this rarely happens in practice. The signal 
is usually distorted in frequency because of the variation in the linear velocity of the tape across  
the magnetic heads. This type of distortion is called flutter and wow. Wow is a te rm usually re­
served for frequency distortion below 10 cps; flutter is used for  frequencies above 10 cps and is 
generally the te rm used in instrumentation recording. The variation in the linear velocity across  
26 
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the heads can be caused by factors  such as radial runouts of mechanical rotating components, 
violin string effect as the tape crosses  the magnetic heads, natural frequencies of the torsional 
vibration system se t  up by the motors, pulleys, and interconnecting polyester film belts, pulsations 
set up in the tape by the interlayer friction of the tape in the cartridge and ball-bearing noise. 
The instruments shown in Figure 11 a r e  used to determine the amount of flutter present and to 
analyze it to determine its origin. These instruments a r e  used in the order shown in Figure 12. 
First, a signal is recorded onto the recorder for  a full tape cycle and then played back through the 
playback amplifier. The signal from the amplifier is put through a bandpass filter to eliminate 
extraneous external noise pickup and any 60-cycle hum which has been picked up. It is then fed 
into a discriminator which converts any deviation from the signal recorded into a voltage output. 
This output is then passed through an output filter so  that it can be separated into different fre­
quency bands to t ry  to isolate the particular frequencies which are causing the flutter. The output 
is then recorded onto a visicorder which shows the flutter frequency in a visible manner which can 
then be analyzed. A wave analyzer can also be used to determine the relative contribution of the 
various flutter components. 
Once this has been done, two approaches are made to resolve the factors contributing to flutter. 
1. All periodic flutter components found are compared with all mechanical and system reson­
ant frequencies. Usually the main flutter sources are located and they can be eliminated or re­
duced to a level which is acceptable. The periodic flutter components caused by mechanical par ts  
normally range from 0 to 150 cps. Resonant frequencies can range up to 700 cps or higher. 
2. Random flutter is that remaining after 
RECORD PLAYBACK ' ~ ~ ~ ~ '  
OSCILLATOR -. -AMPLIFIER - the periodic flutter has been separated from the 
1-
] 
t rum is random; in this case the task of reduc-
ing o r  eliminating it becomes very difficult. 
One cause for this random flutter is the granu-
HIGH A N D  lar nature of the oxide particles on the tape 
DISCRIMINATOR LOW PASS 
FILTERS 
VISICORDER which rub against the heads and cause a large 
number of very small  impulse forces. Another 
Figure 12-Schematic diogram of flutter cause is the random slip-stick phenomena which 
analysis equipment. occur internally in the endless-loop cartridge 
and a r e  caused by variations in the coefficients 
of friction and internal tensions. Compensating devices a r e  used to reduce this flutter in the more 
sophisticated satellite where the allowable flutter is at a very low level. One of the more common 
techniques is to record a timing t rack from a very accurate clock (accuracy of 1 part  in l o 6 )  on 
one channel of the tape. When played back to the ground station, this timing track, which is in e r ­
ror now by the amount of flutter, is corrected to read the proper frequency. This automatically 
corrects  the information signals too. 
Flutter is essentially measured in percent deviation r m s  or  peak-to-peak over a particular 
bandwidth. Many manufacturers of tape recorders quote flutter in rms ,  but, unfortunately, this 
gives an erroneous concept of the true deviation. In order to determine the absolute deviation, 
which is the only deviation to use in analysis, the peak-to-peak deviation must be known. It is 
quite common to find a factor of 2.8 used for the conversion to peak-to-peak flutter, but this fac­
tor is correct only i f  the flutter component is a pure sine wave. When the waveform becomes a 
superposition of many sine waves or becomes completely random the factor is no longer 2.8. 
A s  an example, let u s  assume that a recorder is found to have flutter which is completely 
random in nature with a normal (Gaussian) distribution where the flutter peaks exceed twice the 
standard deviation only 5 percent of the time. The standard deviation D is also the rms  value of 
flutter. Therefore, according to the Gaussian distribution shown in Figure 13, 
4 0  = Peak-to-peak f l u t t e r  
and 
_­-~ 0 = rms value of f l u t t e r  = Peak- to-peak f l u t t e r  4 
Another interesting approach is an analysis of the changes in the rms  value of the random 
flutter with increasing flutter bandwidth. Available data in this a r ea  show that it is fairly reason­
able to assume that the power spectral  density D is uniform. The relationship between D, the 
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bandwidth B, and the standard deviation u is 
r 2  = 
DB . 
The r m s  value is therefore equal to 6 B .  From 
this it can be seen that the random flutter in­
creases  with the bandwidth if  D is constant. 
As an example, Figure 14 presents flutter 
t races  of a 50-kc signal recorded and played 
1,
:::I\,___ 
-30 -	20 -10  0 l o  20 30 
Figure 13-Normal Gaussian curve. 
back at 33 ips through an analysis system similar to that shown in Figure 11. Each flutter trace 
has the following calibration: 
1. 20 millisec/cm sweep 
2. 0.6 percent peak-to-peak flutter/cm 
From these t races  it is found that there a r e  two distinct flutter components of 60 and 120 cps. 
Also, it is evident that the prediction of Equation 17 is correct;  that is, as the bandwidth increases, 
the random flutter increases as shown in Table 2. 
Power Measurements 
Performance can also be evaluated and 
analyzed by the measurement of the power re­
quired to operate the system and its character­
istics. One of the two methods which can be 
used for this measurement utilizes a dc motor, 
and the other, a tensiometer. 
The dc motor technique is used mainly to 
determine overall system power and individual 
component power by a process of elimination. 
To use this method the motor must be cali-
Table 2 
Changes in Bandwidth and Flutter Shown in Figure 14. 
~ 
Bandwidth Random Flutter 
(percent peak-to-peak) 
0 to 1000 

0 to 2000 

0 to 5000 1.92 

brated. In a dc motor the current is proportional to the torque output; as a result, a calibration 
curve can be obtained for the motor by using a small  dynamometer and an ammeter. Once this 
calibration curve is obtained the motor is placed into the transport and power measurements a r e  
taken by both running the system with all components and removing the components one by one. 
The tensiometer is a measuring device that enables a tension t race to  be taken of the tape as 
it is running at various speeds. With this method we find not only the tension in the tape, and thus 
power, but a lso the wave shape of the tension. A typical t race is shown in  Figure 15; i t  consists 
of a definite 120 cps component and a possible 17.9 cps component. A s  can be seen in Figure 15, 
the t race consists of both periodic and random components. This i s  valuable information when 
a particular complicated flutter problem is analyzed. 
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( a )  0 to 100 cps. ( b )  0 to 500 cps. 
( c )  0 to 1000 cps. ( d )  0 to 2000 cps. 
( e )  0 to 5000 cps. 
Figure 14-Flutter traces; 20-miIIisec/cm sweep and 0.6 percent peak-to-peak flutter/cm. 
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Power measurements for satellite tape re­
corders a r e  not always so easy to obtain or 
analyze as implied above because, along with all 
the testing done at room temperature, the re­
corder must be tested under various environ­
mental conditions such as different humidities, 
temperature variations from 0" to SO'C, and 
different sinusoidal and random vibrations. All  
of these conditions, except the vibrations, wil l  
cause the power to  change from that measured 
at ambient conditions just by being exposed to 
Figure 15-Tape tension trace. 
them. On the other hand, however, vibration wil l  cause a change in power only when a com­
ponent has been damaged severely enough to reflect a change (e.g., ball bearing damage). 
Amplitude Measurements 
The type of amplitude measurement taken is a t race of the envelope of the amplitude modula­
tion of the reproduced signal. Tape transport irregularit ies (e.g., skew, dir t  buildup on tape and 
heads, and vertical displacement of tape during a complete cycle) a r e  reflected as a variation in 
amplitude of the playback signal. When this 
t race is properly analyzed it is very useful 
in locating periodic frequencies causing the 
disturbance. 
A s  an example, Figure 16 is a t race of the 
amplitude modulation of a 50- kc signal recorded 
and played back at 33 ips. Its flutter t races  
appear in Figure 14. It is clearly seen that a 
frequency of approximately 117 cps is present. 
The calibration of the trace is: 
1. 20 millisec/cm sweep Figure 16-Amplitude modulation trace. 
2. 5 percent peak-to-peak AM/cm 
CONCLUDING REMARKS 
In the normal prototype and flight system programs the components a r e  subjected to many 
days of environmental testing (e.g., vibrations, temperature and vacuum tests), both as a com­
ponent and together with the flight system (associated electronics, housing, etc.). After the re ­
corder and its system have successfully passed all the environmental testing they a r e  integrated 
with the spacecraft and subjected to the spacecraft environmental tests.  
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(0)l/4-inch by 200-foot endless-loop tronsporf 
developed for and flown on the Tiros program. (c) l / b i n c h  by 1200-foot preprototype model. 
(b) 1/4-inch by 1200-foot test breadboard used for (d) 1/2-inch by 1200-foot preprototype model. 
in i t ia l  development work. 
Figure 17-Endless-loop transports developed for the meteorological programs. 
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It is easily seen that a precision instrument 
such as a tape recorder  cannot be haphazardly 
designed because afai lure  on the spacecraft dur­
ing testing could cause large monetary losses  
because of the time lost  during the extensive 
disassembly, testing and replacement of the com­
ponent. Recorder failure would be even more 
serious i f  it resulted in a delay in the launch 
schedule or i f  it occurred while the spacecraft 
was in orbit and caused the loss of vital informa­
tion or ,  possibly, the failure of the whole mission. 
Photographs o f endless-loop transports 
which were developed for the meteorological 
programs (References 7, 8, and 9 )  are given in 
Figure 17. 
A 
The author is indebted to Dr. S. C. Ling, (e) 1/4-inch by 1200-foot compact test fixture. 
Professor, The Catholic University of America, 
i"or his advice and assistance. Figure 17 cont.-Endless-loop transports developed for 
the meteorological programs. 
(Manuscript received August 4 ,  1965) 
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Appendix A 
List of Symbols 
Total contact a r e a  between layers of tape, sq. in. 
Cross-sectional area of bearing outer race, sq. in. 
Cross-sectional area of bearing spacer, sq. in. 
Outer radius of bearing preload cap, in. 
Outer radius of spring washer, in. 
Bandwidth 
Inner radius of bearing preload cap, in. 

Inner radius of spring washer, in. 

Point on bearing ball 

Point on bearing ball after rotating through angle 0 

Belt damping constants 

Torsional motor damping constant 

Power spectral density 

Diameter of tape cartridge reel, in. 

Outer diameter of tape pack, in. 

Bearing ball diameter 

Mean tape pack diameter, in. 

Modulus of elasticity, psi  

Modulus of elasticity of bearing outer race,  psi 

Modulus of elasticity of bearing spacer, psi 

Modulus of elasticity of preload cap, ps i  

Force as seen on pulley 1 at radius R, due to reflected torque from pulley 2 

T I  ~ T, 

Tangential force at radius Ti,, oz 

Tangential force at radius R,. o z  
Tangential force a t  radius R,, oz 
Tangential force at radius r l ,  oz  
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f N 
n 
P 
pw 

p, 
R 
Natural frequency, cps 
Gravitational constant 
Inertia of tape pack 
Pulley inertias 
Inertia reflected back to  motor 
Equation constants 
Spring constant, lb/in. 
Belt spring constants 
Torsional motor spring constant 
Constant for given tape cartridge 
Length of tape in cartridge, in. 
Total width of outer bearing race, in. 
Compression of outer bearing race, in. 
Half of outer bearing race spacer length, in. 
Compression of L,, in. 
Thickness of bearing preload cap, in. 
Deflection of bearing preload cap, in. 
Operating tape loop length, in. 
Total tape length, in. 
Mass, lb-sec 2/ft 
Reciprocal of Poisson's ratio 
Tape layer width, in 
Interlayer surface f rom outermost to innermost ( n  = 1 is the outermost interlayer) 
Total compressive load or preload, lb  
Spring washer applied load, lb  
Power required to drive tape pack, watts 
Bearing radial load, l b  
Large pulley radii, in. 
Radial distance from center of rotation to centerline of tape layer n ,  in. 
Mean outer layer radius of tape pack, in. 
Radius of tape cartridge reel, in. 
Radius of pulleys in general, in. 
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Or 
TCP 
r .  
r m 
'MP 
rO 
S 
VO 
V l  
Ymax 
a 
P 
6 
Radial runouts (TIR) of pulleys, in. 

Small pulley radii, in. 

Radius of capstan, in. 

Radius of capstan pulley, in. 

Radius of bearing inner race, in. 

Radius from axis of bearing to center of bearing ball, in. 

Radius of motor pulley, in. 

Radius of outer bearing race, in. 

Rotation a r c  of bearing ball on outer race, in. 

Stress  in bearing outer race,  lb/sq. in. 

Stress in spacer material, psi 

Stress in preload cap, psi 

Bearing thrust load, lb 

Tape exit tension from pack, oz 

Tape entrance tension to pack, oz 

Kinetic energy 

Time, sec  

Tape pack thickness, in. 

Spring washer thickness, in. 

Tape thickness, in. 

Lnstantaneous velocity of point on bearing ball, in./sec 
Velocity of pulley 0 at ro 
Velocity of pulley 1 at R ,  
Velocity of pulley 2 at R, 
Velocity of belt, in/sec. 
Velocity of tape at capstan, in./sec 
Velocity of bearing ball center, in./sec 
Velocity of pulley 1 at r l  
Weight of assembly multiplied by 20 g's, lb  
Maximum deflection of spring washer, in. 
Angle ball makes with bearing axis when rotating through a r c  S, rad 
Bearing contact angle 
Initial bearing outer race stickout, in. 
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Bearing deflection under loading, taken from load-deflection curves, in. 

Strain, in./in. 

Rotation angle of bearing ball, rad 

Pulley displacements with respect to 8,' , e ; ,  0; 

Noncompliant pulley displacements 

Damping rates  of K,,  

Tape density, lb/in? 

Standard Gaussian deviation 

Motor driving torque as a function of time, in.-oz 

Total reflected torque at first pulley, in.-oz 

Torques of respective pulleys as seen at first pulley, in.-oz 

= -
Frequency of point c on bearing ball, B / t  

Frequency caused by point on bearing ball hitting inner and outer races  

Angular rotation of capstan, rad/sec 

Inner bearing race frequency 

Angular rotation of motor, rad/sec 

Angular rotation of motor pulley, rad/sec 

Ball frequency about axis of bearing, rad/sec, a / t  

Resonant rate, rad/sec 

Angular velocity of tape layer n, rad/sec 

Interlayer angular velocity difference at tape layer n 

. wn) 	 Angular velocity difference between two successive tape layers  
Outer bearing race frequency, rad/sec 
Rotating frequencies of K l ,  
First and second derivatives with respect to time 
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Appendix B 
Endless-loop Cartridge Operation 
The 1/4-inch by 1200-foot endless-loop tape transport  shown in Figure B1 will be util­
ized to  explain the operation of endless-loop tape cartridges in general. The tape is first 
wrapped onto reel  (a) and rol lers  (b) by starting the first wrap at the edge of the reel  and 
the tapered portion of the rollers.  Succes­
sive wraps a r e  built up progressively toward 
the edge of the rol lers  until 1200 feet have been 
used. The two ends of the tape are brought up 
through tape guide plate (c) and a r e  spliced to 
form an endless loop. When the cartridge is in 
operation, the tape is pulled from the first wrap 
on the reel  by the capstans (d) and it wraps back 
onto the outside of the tape pack. As the tape 
moves at constant velocity, each layer of tape 
slips upon the next layer, thus providing tension 
to pull the tape back down into the cartridge on 
the return side (e). 
Note that uniform slippage of each layer of 
tape in the cartridge is important if  optimum 
performance of the recorder is to be obtained. 
A s  the tape becomes worn and the lubrication 
deteriorates the layers  start to stick and slip­
page no longer is uniform. If the tape is not 
changed and the cartridge is allowed to operate 
beyond this point, the cartridge wil l  have a non­
slip failure. 
e 
SECTION A - A  
' 
Figure B1-The 1200-foot endless-loop tape 
transport assembly. 
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Appendix C 
Increase in Interlayer Angular Velocity Difference Due to Decreased Mean Tape Pack 
Diameters for Constant Tape length Systems 
The following derivation determines the in­
terlayer angular velocity difference for the tape 
mn = Vc/Rn .  - 0.018 R, =2.63 in. 1250?n>l 
The angular velocity difference between 
two successive layers  of tape is 
VC -VC t _ 
(wn+i - ~ n )  = ( R ~- tT) - R, - vc [R-T(RnT- T d  . 
pack shown in Figure 7. Here Vc = R,w, o r  0.020 
The angular velocity difference at the nth 100 200 300 400 500 600 700 800 900 
interlayer can be expressed as TAPE LAYER n 
Figure C1-Interlayer angular velocity difference bWn 
Awn = - 'C t T  (Equation C1) against tape layer n. Tape velocity, 30 
R, (R, - 2 t T  n + tT) + t: n ( n  - 1) 
. ( ~ 1 )  
ips; tape thickness, 0.0013 inch; R,, mean outer layer 
radius of tape pack, inch. 
This equation is plotted in Figure C 1  for two tape cartridges, each containing 1200 feet of 1/4­
inch magnetic tape. The compact cartridge has a smaller mean pack diameter than does the pre­
prototype; R, = 2.63 inch for the compact recorder and R, = 4.4 inch for the preprototype 
recorder.  
From the curves it is seen that the average hnis larger  for the compact recorder than for 
the preprototype. As was discussed in this report  the total interlayer contact area of the tape 
cartridge does not change significantly, for large lengths of tape, when tape cartridges of various 
mean diameters and constant tape lengths are built. Therefore, the tape wear and frictional drag 
within the cartridge increases for the compact version. 
From a design standpoint, where total operating lifetime and power are important, it is best  
to utilize a cartridge design with a mean diameter dm as large as practicable. 
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